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Abstract 
The main purpose of this research is to evaluate effects of the thermo-mechanical treatment of cold rolling followed by annealing on microstructure 
and shape recovery of the nanostructured shape memory Ti50Ni45Cu5 alloy. Several samples were produced by the copper-boat vacuum induction 
melting technique. The as-solidified samples were homogenized and hot rolled at 900Ԩ. The hot rolled samples were then cold rolled up to 70% 
thickness reduction followed by annealing at 400 Ԩ for 1 h. The microstructures and critical temperatures of the alloys were characterized by 
scanning electron microscopy, X-ray diffraction and differential scanning calorimetry, respectively. According to the results, the average grain size 
was decreased by increasing the thickness reduction. Microstructure of the sample with 70% thickness reduction had a bimodal size distribution of 
Nano-sized austenite grains within the amorphous matrix. The dislocation density was increased up to ͳͲଵଷ݉݉ିଶ in the specimen with 70% 
reduction. During the annealing process, the softening processes and crystallization of the amorphous shear bands occurred together, resulting in a 
nanostructured austenitic microstructure. The crystallization temperature was about 330Ԩ. The shape recovery percentage was increased by cold 
rolling. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
TiNi alloy is the most important shape memory system because of its excellent mechanical and shape memory 
properties. The origin of good shape memory effect of TiNi alloy is its unique thermo-elastic properties, Otsuka et al. 
(1998) and Lagoudas et al. (2008). However, the most important weakness of TiNi is composition sensitivity. Addition 
of a third alloying element like Cu is an effective way to solve this problem, Otsuka et al (1998) and Nam et al. (1990). 
Thermo-mechanical processing of these alloys is another alternative to optimize material properties; these treatments 
reveal their effects by means of grain refinement Koike et al. (1990). The main purpose of this paper is to apply the 
cold rolling-annealing treatment to make the Nano-crystalline structure and to evaluate microstructure and shape 
memory property in this alloy. 
 
2. Materials and experimental procedures 
The Ti50Ni45Cu5 (in at%) alloy ingots were made using high purity titanium, copper and nickel bars with a copper 
boat vacuum induction melting system. The cylindrical casting ingots were then homogenized for 4 hours and hot 
rolled at 900Ԩ. The hot rolling processes were used to obtain bars with uniform thickness. After each hot process, the 
samples were water quenched to prevent the formation of intermetallic precipitations that harm the mechanical 
properties of material. After that, the samples were cold rolled with 20%-70% thickness reduction followed by 
isothermal annealing at 400Ԩ  for 1 hour. The annealing time and temperature were determined such that both 
crystallization of the amorphous phases and softening processes were taken place (according to DSC and XRD results).  
The microstructure evolution and thermal behaviour of samples were investigated by means of optical microscopy 
(Nikon), electron microscopy (SEM Seron AIS 2100), differential scanning calorimetry (Perkin’s Elmer) and X-ray 
diffraction (XRD Philips X’pert) techniques. The etchant composition was HNO3 : HF : H2O (10:5:50). The DSC 
range was 20-200 Ԩ by rate of 10ԨȀ. The shape memory properties of the samples were carried out according to 
ASTM-F2516 Standard using Honsfield H25KS universal test machine. The shape memory test loading stage were 
carried out at 25Ԩ by applying 10% tensile strain and the recovery stage according to DSC results were taken at 80Ԩ. 
The test specimens were cut along the rolling direction. 
3. Results and discussion 
3.1. Microstructural and phase evolutions 
The microstructure of the as-homogenized sample was shown in Fig. 1a. The dendritic structure (Cu-rich region) 
is the most notable feature. The XRD pattern of the as-homogenized sample in Fig. 1b shows B2 and B19’ phase 
peaks without any intermetallic phase. 
   a 
         
b 
 
Fig. 1. (a) SEM micrograph; and (b) XRD pattern of the as-homogenized sample. 
The DSC curves of the 70% cold roll-annealed and homogenized samples were shown in Fig. 2. Since the 
transformation temperatures of the as-homogenized sample are As= 62Ԩ and Af = 88Ԩ, it seems that the sample 
should be in the B19’ martensitic state at room temperature. But as can be seen in XRD pattern, its dominant phase is 
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B2 austenite. The main reason of this, is dependency of phase stability (here austenite) to the cooling rate during 
quenching. Wang et al (2005) and Chang et al (2008) showed that with about 20ԨȀ݉݅݊ increase in cooling rate, the 
Ms and Mf were decreased about 5-10 Ԩ. 
 
 
Fig. 2. DSC curves of the 70% cold roll-annealed and homogenized samples. 
 
Figure 3 shows the XRD patterns of alloy in different states. From top curve to down, patterns of the homogenized 
sample, hot rolled sample and samples with different cold rolling percentes are shown. It can be seen that the peak 
width increases and peak intensity decreases with the increase in cold rolling percent. As can be seen in Fig. 3, the B2 
and B19’ peaks in three upper patterns were sharper than three lower ones. The peak broadening and intensity decrease 
are due to the increase in the structure micro-strain and grain refinement in the cold worked sample, Cullity (2001). 
MohammadSharifi et al. (2014) using the same procedure on TiNi and TiNiCo alloy concluded that during cold rolling 
process, the following phenomena could occur: increase in dislocation density up to 1012-1013(m-2) in 70% cold rolling 
percent and the formation of amorphous-Nano crystalline structure. Brailovski et al. (2011) reported that by increasing 
the cold work percent, the martensitic structure (phase) of the samples exhibited formation of a cellular structure and 
Nano-twinning. 
 
Fig. 3 The comparative XRD patterns of different samples. 
 
        Another issue to note in Fig. 3 is the loss of a large number of peaks which is mainly related to the B19' phase. 
This should be due to the creation of strong local distortion in the structure, resulting in the formation of crystalline 
arrangement disintegrate and amorphous phase, Koike et al. (1990). The crystalline to amorphous structure change is 
more likely to appear in shear bands, with attention to extreme plastic heterogeneity, Koike et al (1990). Also, the 
shear bands percent has increased due to the increase in the cold roll percentage, as a sign of increase in the amorphous 
phase percent. This is in a good agreement with the changes seen in the XRD patterns. Another sign for the amorphous 
phase formation due to high cold roll percent is the crystallization peak in the DSC curve of the 70% cold rolled 
sample, as shown in Fig. 4. This peak is occurred at about 330Ԩ. Mohammad Sharifi et al. (2014) have shown that 
after annealing at 400Ԩ, the amorphous phase has changed into Nano-crystalline grains.  
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Fig. 4.  DSC curve of 70% cold rolled sample. 
 
During isothermal annealing process (at 400 Ԩ  for 1 hr), there were two processes that happen together: 1) 
crystallization of amorphous phase, and 2) the softening processes (static recovery & recrystallization), Koike et al. 
(1990), Mohammadsharifi et al. (2014). The microstructure of the cold rolled samples should be comprised of a matrix 
with high dislocation density and few shear bands. Prokoshkin et al. (2008) have shown that by increasing the cold 
roll percentage, the morphology of microstructure have changed from the ultra-fine grains into cellular structure and 
Nano-grains. Finally in shear bands, the crystalline structure changes into the amorphous structure. Pushin et al. (2012) 
in their works have shown that during isothermal annealing process on TiNi alloys, crystallization in amorphous bands 
resulted in the formation of Nano-size crystal structure. In addition, the recovery and recrystallization processes 
occurred during annealing led to the formation of dislocation free grains as Humphreys (2004) Said. In the present 
work, some evidences have confirmed the literature such as: 1) DSC crystallization peak (Fig. 4) and 2) XRD patterns 
loss peaks recreation in annealed samples. The crystallization observed peak has confirmed the amorphization 
occurrence during cold work that has shown itself by peak loss in XRD patterns. Also re-observation of lost peaks of 
the cold rolled samples in the annealed state, may confirm the Nano-grain formation from the amorphous structures 
(as Mohammadsharifi et al. (2014) and Pushin et al. (2012) have shown in their works). 
Another significant change during cold rolling-annealing process is change in transformation temperatures. As can 
be seen in Fig. 2, the As and Af of the 70% cold rolled-annealed sample occurred in lower temperatures than the 
homogenized one. The main reason of this is the grain size effect on transformation temperatures. The other reason is 
the reduction of temperature range for austenite phase stability as Demers et al (2012) said. The as homogenized 
sample grain size was about 30-50 microns. The grain (crystallite) size of different samples is shown in Table 1. 
                                                  Table 1.  Crystallite size and dislocation density of different samples. 
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3.2. Shape memory properties 
Figure 5a shows one of the shape memory tests were confirmed. This curve can use as a schematic of confirmed 
shape memory tests and different stage of shape memory is shown. As can be seen in first stage (Loading in lower 
temperature) the sample that is in its martensite phase, during loading (after elastic stage) will be de-twinned until un-
loading. After un-loading (in low temperature) the sample elastic strain is recovered and in this state the de-twinned 
structure remain. In third stage during heating the de-twinned structure (by reverse shear martensitic transformation) 
changes into cubic austenite and the sample initial shape were recovered. Another thing in Fig. 5a is the residual strain. 
The most notable parameter in the shape memory effect in the present work is an increase in shape recovery by 
cold rolling (Fig. 5b). The main purpose of this variation is the effect of grain size on deformation mode. The increase 
in cold roll percent (grain refinement) increases the resistance to slip with no effect on twinning. So, with respect to 
the shear deformation mode of shape memory effect, the overcome of shear deformation mode has positive effect on 
the strain recovery percentage, Mohammadsharifi et al (2014), Pushin et al. (2011).  
a b 
 
 
Fig. 5. (a) Stress-strain curve of 40% cold roll-Annealed sample in shape memory test; and (b) Variation of strain recovery was seen in 
different cold rolling percent. 
4. Conclusions 
x  The Ti50Ni45Cu5 shape memory alloy was made by vacuum induction melting. 
x  The as homogenized sample had a grain size about 30-50 microns. 
x  The cold rolling-annealing process caused grain refinement down to the Nano-sized grains. 
x  The Strength of cold rolled samples with percentage increase from 20 to 70% was increased up to twice.  
x  The increase in cold roll percentage from 20 to 70% resulted in an increase in the shape recovery from 86 to 
100%. 
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